The syntheses and crystal structures of five 2-benzylidene-1-benzosuberone [1-benzosuberone is 6,7,8,9-tetrahydro-5H-benzo[7] annulen-5-one] derivatives, viz. 2-(4-methoxybenzylidene)-1-benzosuberone, C 19 H 18 O 2 , (I), 2-(4-ethoxybenzylidene)-1-benzosuberone, C 20 H 20 O 2 , (II), 2-(4-benzylbenzylidene)-1benzosuberone, C 25 H 22 O 2 , (III), 2-(4-chlorobenzylidene)-1-benzosuberone, C 18 H 15 ClO, (IV) and 2-(4-cyanobenzylidene)-1-benzosuberone, C 19 H 15 NO, (V), are described. The conformations of the benzosuberone fused six-plus seven-membered ring fragments are very similar in each case, but the dihedral angles between the fused benzene ring and the pendant benzene ring differ somewhat, with values of 23.79 (3) for (I), 24.60 (4) for (II), 33.72 (4) for (III), 29.93 (8) for (IV) and 21.81 (7) for (V). Key features of the packing include pairwise C-HÁ Á ÁO hydrogen bonds for (II) and (IV), and pairwise C-HÁ Á ÁN hydrogen bonds for (V), which generate inversion dimers in each case. The packing for (I) and (III) feature C-HÁ Á ÁO hydrogen bonds, which lead to [010] and [100] chains, respectively. Weak C-HÁ Á Á interactions consolidate the structures and weak aromaticstacking is seen in (II) [centroid-centroid separation = 3.8414 (7) Å ] and (III) [3.9475 (7) Å ]. A polymorph of (I) crystallized from a different solvent has been reported previously [Dimmock et al. (1999) J. Med. Chem. 42, 1358 -1366 in the same space group but with a packing motif based on inversion dimers resembling that seen in (IV) in the present study. The Hirshfeld surfaces and fingerprint plots for (I) and its polymorph are compared and structural features of the 2-benzylidene-1benzosuberone family of phases are surveyed.
Chemical context
The structurally related 2-benzylidenebenzocycloalkanone compounds, viz. (E)-2-benzylidene-2,3-dihydro-1H-inden-1one (n = 1), (E)-2-benzylidene-1-tetralone (n = 2) and (E)-2benzylidene-1-benzosuberone (n = 3), which differ with respect to the number of methylene groups, n, in the alkanone ring fused to the benzene ring (see Scheme 1) have attracted attention in a number of areas. Their biological activities include antitumour (e.g. Gautam et al., 2016 : Dimmock et al., 1999 , 2002 , antimycotic (Al-Nakib et al., 1997) and antifungal (Gupta & Jain, 2015) properties. Their physical properties include nonlinear optical (Watson et al., 1993) and UV hypsochromic shifts and fluorescence effects (Fodor et al., 2011) . It may be noted that these compounds can be considered as fused-ring analogues of chalcones (i.e. the 'n = 0' family), which might allow for 'tuneable' conformational control of the molecule by changing the number of methylene groups in the cycloalkanone ring (Dimmock et al., 1999) .
In continuation of our earlier reports of the crystal structures and Hirshfeld surface analyses of a number of (E)-2benzylidene-2,3-dihydro-1H-inden-1-one derivatives (Baddeley et al., 2017a) and (E)-2-benzylidene-1-tetralone (Baddeley et al., 2017b) , we now describe the syntheses and crystal structures of 2-(4-methoxybenzylidene)-1-benzosuberone, (I), 2-(4ethoxybenzylidene)-1-benzosuberone, (II), 2-(4-benzylbenzylidene)-1-benzosuberone, (III), 2-(4-chlorobenzylidene)-1-benzosuberone, (IV), and 2-(4-cyanobenzylidene)-1-benzosuberone, (V) (see Scheme 2).
Structural commentary
The molecular structures of (I)-(V) are shown in Figs. 1-5 The molecular structure of (I), showing 50% probability displacement ellipsoids.
Figure 2
The molecular structure of (II), showing 50% probability displacement ellipsoids.
Figure 3
The molecular structure of (III), showing 50% probability displacement ellipsoids.
Figure 4
The molecular structure of (IV), showing 50% probability displacement ellipsoids.
Figure 5
The molecular structure of (V), showing 50% probability displacement ellipsoids.
Figure 6
Overlay plot for (I)-(V), with (I) red, (II) blue, (III) orange, (IV) purple and (V) green. from the base-catalysed condensation reaction between 1-benzosuberone and the appropriate 4-substituted benzaldehyde derivative (see Experimental section). The conformations of the benzosuberone fragments in (I)-(V) are almost identical, as shown by the overlay plot generated with QMOL (Gans & Shalloway, 2001) shown in Fig. 6 . The sevenmembered ring, which is conformationally constrained by being fused to the C6-C11 benzene ring and by the presence of the sp 2 -hybridized atoms C1 and C2, at least approximates to a boat conformation; in the case of (I), atoms C3/C4/C6/C11 are roughly coplanar (r.m.s. deviation = 0.095 Å ), with C5 as the prow [deviation = 0.6139 (15) Å ] and C1 and C2 as the stern [deviations = 1.0114 (16) and 1.0154 (16) Å , respectively]. This conformation results in a substantial degree of twist about the C11-C1 bond [C10-C11-C1 O1 = 36. 06 (14) ] and O1 deviates from the C6-C11 benzene-ring plane by 0.7212 (17) Å . The corresponding data for the sevenmembered rings in (II)-(V) are very similar to those for (I) and are not stated here.
The dihedral angles between the C6-C11 fused benzene ring and the C13-C18 pendant benzene ring are clustered in a $12 range, with values of 23.79 (3) for (I), 24.60 (4) for (II), 33.72 (4) for (III), 29.93 (8) for (IV) and 21.81 (7) for (V). A comparison of the C1-C2-C12-C13 and C2-C12-C13-C14 torsion angles for (I) [À179.67 (10) and À33.81 (17) , respectively] indicates that the twisting largely occurs about the C12-C13 bond, and the same conclusion can be drawn for (II)-(V).
For (I), the C19 atom of the methoxy group is close to coplanar with its attached benzene ring [deviation = 0.1079 (19) Å ] and for (II) the ethoxy group has an extended conformation [C16-O2-C19-C20 = 178.58 (10) ]. For (III), an additional dihedral angle between the C13-C18 benzene ring and the terminal C20-C25 benzene ring of 78.78 (3) Fragment of the crystal structure of (I), showing part of a [010] chain linked by C15-H15Á Á ÁO1 hydrogen bonds. [Symmetry codes: (i) x, y À 1, z; (ii) x, y + 1, z.]
Figure 8
Fragment of the crystal structure of (II), showing inversion dimers linked by pairs of C18-H18Á Á ÁO1 hydrogen bonds. [Symmetry code: (i) Àx + 1, Ày + 1, Àz + 1.] Table 1 Hydrogen-bond geometry (Å , ) for (I).
Cg1 and Cg2 are the centroids of the C6-C11 and C13-C18 rings, respectively. Symmetry codes: (i) x; y À 1; z; (ii) x; Ày þ 1 2 ; z þ 1 2 ; (iii) Àx þ 1; Ày; Àz þ 1.
D-HÁ

Table 2
Hydrogen-bond geometry (Å , ) for (II).
Cg1 and Cg2 are the centroids of the C6-C11 and C13-C18 rings, respectively. Hydrogen-bond geometry (Å , ) for (III).
Cg3 is the centroid of the C20-C25 ring. Hydrogen-bond geometry (Å , ) for (IV).
Cg1 is the centroid of the C6-C11 ring. Symmetry codes: (i) Àx; Ày þ 1; Àz þ 1; (ii) x À 1 2 ; Ày þ 3 2 ; z þ 1 2 . Table 5 Hydrogen-bond geometry (Å , ) for (V).
Cg1 is the centroid of the C6-C11 ring. observed. Otherwise, the geometrical data for (I)-(V) are unexceptional and similar to those for related compounds (Dimmock et al., 1999 (Dimmock et al., , 2002 . It may be noted that a polymorph of (I) [Cambridge Structural Database (CSD; Groom et al., 2016) refcode VENQUA; Dimmock et al., 1999] has been reported in the same space group, i.e. P2 1 /c; VENQUA was recrystallized from methanol solution rather than ethanol for (I). The bond lengths and angles in (I) and VENQUA are very similar, although there is a $10 difference in the dihedral angle between the benzene rings [value for VENQUA = 35.88 (11) , calculated with PLATON (Spek, 2009)]; for an overlay plot of (I) and VENQUA, see the supporting information.
Supramolecular features
There are obviously no classical hydrogen bonds in these structures and, in each case, just one C-H group can be identified as the donor for a weak hydrogen bond with atom O1 as the acceptor in (I)-(IV) and atom N1 in (V); geometrical data for these interactions are listed in Tables 1-5 and illustrated in Figs. 7-11. All the structures also feature weak C-HÁ Á Á interactions with either the fused or pendant benzene rings as acceptors, but (II) and (III) are the only structures to display weak aromaticstacking, in both cases between inversion-related C13-C18 rings. For (II), the centroid-centroid separation is 3.8414 (7) Å and the slippage is 1.72 Å ; equivalent data for (III) are 3.9475 (7) and 1.89 Å , respectively.
The packing motifs for the extended structures of (I) and The packing motifs for (II) and (IV) feature inversion dimers. In (II), C18-H18 (meta to the 4-substituent) is the donor group and R 2 2 (14) loops arise. In this motif, C12-H12 is 'sandwiched' between the donor and acceptor and the H12Á Á ÁO1 separation of 2.60 Å (see Fig. 8 ) is borderline to be regarded as a directional bond. The donor group in (IV) is C10-H10 in the fused benzene ring, which generates an R 2 2 (10) loop. The only possible interaction involving the Cl atom is a long contact from C8-H8, with HÁ Á ÁCl = 2.93 Å . The presence of the cyano group in (V) allows for the formation of pairwise C-HÁ Á ÁN hydrogen bonds and an R 2 2 (10) graph-set motif arises; the shortest HÁ Á ÁO contact in (V) is 2.72 Å .
Rather than the C(8) chains arising from C15-H15Á Á ÁO1 hydrogen bonds seen in (I), the packing for VENQUA (see above) features inversion dimers built from pairwise C10-H10Á Á ÁO1 interactions, which are very similar to those seen in 4-chloro derivative (IV) in the present study. It may be noted that the density of VENQUA ( = 1.368 Mg m À3 ) is significantly greater than that of (I) ( = 1.284 Mg m À3 ), suggesting that the former might be the more stable polymorph if the 'rational packing rule' (Kitaigorodskii, 1961) is applicable in this case.
In order to gain further insight into these different packing motifs, the Hirshfeld surfaces and fingerprint plots for (I) and VENQUA were calculated using CrystalExplorer (Turner et al., 2017) , following the approach recently described by Tan et al. (2019) . The Hirshfeld surface for (I) (see supporting information) shows the expected large red spots (close contacts) in the vicinity of H15 and O1 corresponding to the C15-H15Á Á ÁO1 interaction noted above, but there is little if any evidence of close contacts in the vicinity of H19A and H19C corresponding to the C-HÁ Á Á contacts listed in Table 1 . The surface for VENQUA (see supporting informa-tion) shows red spots in the vicinity of H10 and O1 corresponding to the C10-H10Á Á ÁO1 hydrogen bond and H2A (our numbering scheme) corresponding to a C3-H2AÁ Á Á interaction (HÁ Á Á = 2.69 Å ) to the centroid of the C6-C11 benzene ring, but there are also probably spurious features close to H8 and H17 corresponding to a short HÁ Á ÁH contact of 2.07 Å between these atoms, which possibly arose because the H atoms of the C19 methyl group in VENQUA were geometrically placed and not treated using a rotating-group model. Notwithstanding this, the fingerprint plots for (I) and VENQUA (see supporting information) decomposed into the different percentage contact types (Table 6 ) are almost identical; HÁ Á ÁH (van der Waals) contacts dominate both structures, followed by CÁ Á ÁH/HÁ Á ÁC and then OÁ Á ÁH/HÁ Á ÁO. The percentage contributions of the other contact types are negligible.
Database survey
A survey of the Cambridge Structural Database (CSD; Groom et al., 2016) revealed 167 structures incorporating a 1-benzosuberone fragment but only 20 hits when an exocyclic C C double bond at the 2-position was added to the search structure. The key papers reporting the structures of closely related, differently substituted, 2-benzylidene-1-benzosuberones are Dimmock et al. (1999 Dimmock et al. ( , 2002 . The hydrogen-bond data for (I)-(V) and the 12 structures reported in the two papers by Dimmock et al. are summarized in Table 7 . The most frequently observed motif is the centrosymmetric R 2 2 (10) loop involving C10-H10 as the donor group, but there are many others involving different C-H groups as donor and we see no obvious connection to the nature and position of the substituent(s) on the remote benzene ring. There are no structures in which the fused and pendant benzene rings tend towards being perpendicular (dihedral angle > 60 ).
The fact that (I) and VENQUA have similar conformations but distinct packing motifs mediated by different C-HÁ Á ÁO interactions to the same acceptor O atom may be compared with the fascinating recent survey of weak-interaction polymorphs by Lo Presti (2018). He concluded that weak hydrogen bonds and solvent effects may play an important kinetic role in promoting polymorph formation (after all, something has to favour a situation where the lowest-energy packing motif is not adopted) but they do not play a dominant energetic role in polymorph formation and that the overall energy balance between dispersive (attractive) and repulsive interactions is the most important consideration.
Synthesis and crystallization
Compounds (I)-(V) were obtained from the reaction of 1-benzosuberone (1 mmol) with the appropriate 4-substituted benzaldehyde (1 mmol) in ethanol (5 ml) treated with an ethanolic solution of sodium hydroxide (30 mg in 5 ml ethanol). After stirring for 3-4 h at room temperature, each reaction mixture was cooled to 0 C and the precipitated solid was recovered by filtration and rinsing with ice-cold ethanol. Computer programs: CrysAlis PRO (Rigaku, 2017) , SHELXS97 (Sheldrick, 2008) , SHELXL2014 (Sheldrick, 2015) , ORTEP-3 (Farrugia, 2012) and publCIF (Westrip, 2010 ).
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 8 . All H atoms were located geometrically (C-H = 0.95-0.99 Å ) and refined as riding atoms, with U iso (H) = 1.2U eq (C) or 1.5U eq (methyl C). The methyl groups in (I) and (II) were allowed to rotate, but not to tip, to best fit the electron density. used to refine structure: SHELXL2014 (Sheldrick, 2015) ; molecular graphics: ORTEP-3 (Farrugia, 2012) ; software used to prepare material for publication: publCIF (Westrip, 2010) . Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
6-(4-Methoxybenzylidene
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 )
x y z U iso */U eq C1 0.21223 (10) 0.67551 (12) 0.33073 (7) 0.0185 (2) C2 0.25289 (10) 0.51984 (12) 0.35285 (7) 0.0176 (2) C3 0.26700 (10) 0.42493 (12) 0.27568 (7) 0.0192 (2) (12) 0.16175 (7) 0.0187 (2) C7 0.03877 (11) 0.69424 (13) 0.07205 (7) 0.0220 (2) 
0.95 (15) Hydrogen-bond geometry (Å, º) Δρ min = −0.20 e Å −3 Extinction correction: SHELXL2014 (Sheldrick, 2015) , Fc * =kFc[1+0.001xFc 2 λ 3 /sin(2θ)] -1/4 Extinction coefficient: 0.0019 (3)
6-(4-Ethoxybenzylidene
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 )
x y z U iso */U eq C1 0.29882 (10) 0.41642 (7) 0.43555 (14) where P = (F o 2 + 2F c 2 )/3 (Δ/σ) max < 0.001 Δρ max = 0.19 e Å −3 Δρ min = −0.16 e Å −3 Extinction correction: SHELXL2014 (Sheldrick, 2015) , Fc * =kFc[1+0.001xFc 2 λ 3 /sin(2θ)] -1/4 Extinction coefficient: 0.0027 (4)
Special details
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 )
x y z U iso */U eq C1 −0.05094 (13) 0.41786 (13) 0.37210 (9) 0.0206 (2) (17) C12-C13-C18-C17 −177.73 (9) C7-C8-C9-C10 0.04 (16) O2-C19-C20-C25 −102.31 (11) C8-C9-C10-C11 0.89 (16) O2-C19-C20-C21 79.43 (12) C9-C10-C11-C6 −1.26 (15) C25-C20-C21-C22 0.41 (15) C9-C10-C11-C1 −177.85 (9) C19-C20-C21-C22 178.72 (9) C7-C6-C11-C10 0.69 (15) C20-C21-C22-C23 −1.38 (16) where P = (F o 2 + 2F c 2 )/3 (Δ/σ) max = 0.001 Δρ max = 0.32 e Å −3 Δρ min = −0.41 e Å −3 Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 ) Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
x y z U iso */U eq C1 0.34825 (12) 0.5911 (2) 0.45058 (9) 0.0284 (4) (7) 0.0027 (7) 0.0045 (6) C18 0.0312 (8) 0.0371 (9) 0.0245 (8) −0.0022 (7) 0.0024 (6) −0.0005 (6) C19 0.0300 (8) 0.0339 (9) 0.0259 (8) 0.0023 (7) 0.0033 (6) 0.0036 (6) N1 0.0377 (8) 0.0359 (9) 0.0338 (8) −0.0053 (6) 0.0018 (6) 0.0021 (6) O1 0.0426 (7) 0.0412 (7) 0.0259 (6) −0.0094 (5) 0.0042 (5) −0.0047 (5) Geometric parameters (Å, º) C1-O1 1.2199 (19) C8-H8 0.9500 C1-C11 1.502 (2) C9-C10 1.380 (2) C1-C2 1.510 (2) C9-H9 0.9500 C2-C12 1.337 (2) C10-C11 1.399 (2) C2-C3 1.509 (2) C10-H10 0.9500 C3-C4 1.540 (2) C12-C13 1.476 (2) C3-H3A 0.9900 C12-H12 0.9500 C3-H3B 0.9900 C13-C18 1.396 (2) C4-C5 1.531 (2) C13-C14 1.402 (2) C4-H4A 0.9900 C14-C15 1.381 (2) C4-H4B 0.9900 C14-H14 0.9500 C5-C6 1.506 (2) C15-C16 1.393 (2) C5-H5A 0.9900 C15-H15 0.9500 C5-H5B 0.9900 C16-C17 1.400 (2) C6-C7 1.388 (2) C16-C19 1.439 (2) C6-C11 1.410 (2) C17-C18 1.383 (2) C7-C8 1.391 (2) C17-H17 0.9500 C7-H7 0.9500 C18-H18 0.9500 C8-C9 1.393 (2) C19-N1 1.153 (2) O1-C1-C11 120.38 (14) C9-C8-H8 120.2
